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Circadian rhythms are rhythms that are capable of free-running in constant conditions 
with a period of approximately 24 hours, that are able to compensate temperature effects 
on their periods, and that have the ability to entrain to daily light-dark and/or temperature 
cycle. In order to explore the circadian output pathway that regulates {3-tubulin gene 
expression in Chlamydomonas reinhardtii, a nuclear transformation of the organism was 
performed with a (3-tubulin promoter:reporter gene construct. To increase the efficiency 
of the selection, a cotransformation procedure was adapted with ble, an antibiotic 
resistance gene. To achieve maximum transformation efficiency, a cell wall-less mutant 
of Chlamydomonas reinhardtii was agitated in the presence of exogenous DNA, cell 
wall-digesting autolysin, glass beads and polyethylene glycol. Autolysin had been 
harvested successfully during mating of two different mating type strains, the optimal 
antibiotic concentration in the selection medium had been determined and other 
components of the transformation process were optimized. In successful transformations, 
a rate of 300 colonies per microgram of exogenous DNA or 1 transformant per 2 x 105 
Vll 
cells was obtained. Cotransformation efficiency varied from 1.3 to 3.3 % in successful 
cases. The transformants carrying the fi-tubulin promoter: :reporter gene construct will be 
used to investigate the expression of the jB-tubulin gene by northern blot analysis. It will 
reveal whether this gene is regulated by the biological clock at the transcriptional level. 
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CHAPTER I 
INTRODUCTION 
Circadian rhythms are defined by a number of characteristics. First, the rhythm is 
persistent under constant conditions within a period of about 24 hours. Even in the 
absence of periodic input the rhythm can be sustained. Secondly, the period of the rhythm 
is temperature compensated (i.e., the period remains about the same under various 
constant temperatures). Finally, the rhythm is entrainable to light-dark or temperature 
cycles, the process by which the clock is synchronized with the outside world (Somers, 
1999). 
The primary components of the circadian timing system (Fig.l) include the central 
oscillator, input or entrainment pathway(s), and output pathway(s) (Millar, 1998). The 
oscillator is responsible for the generation of the rhythm. An oscillator is not a clock by 
itself. The clock of an organism needs to be linked to the outside environment. The daily 
light dark transitions provide the time setting information by which clock-controlled 
processes are appropriately phased. A circadian pacemaker, an internal time keeping 
mechanism capable of generating and coordinating circadian rhythms, can generate 
oscillations even in the absence of external input to the clock, but there will not be any 
synchronization with the environment and no information will be relayed from the 
environment. An oscillator that is not coupled with other processes cannot act as a 
meaningful timer. In plants, a wide variety of processes are controlled by the circadian 
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Fig. 1. Model for the circadian timing system. (Millar, 1998) 
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Pacemaker, and this control is exerted via the output pathways. Intercellular processes 
like gene transcription (Jacobshagen et al., 2001, Jacobshagen et al., 1996, Hwang and 
Herrin, 1994), Ca++ levels (Johnson et al., 1995) and many enzyme activities (Johnson et 
al., 1995) are regulated by the circadian clock. At the level of cell and tissue 
coordination, circadian oscillators generate rhythms in stomatal opening, leaf movement, 
hypocotyl elongation and many other physiological phenomena (Somers, 1999). Both the 
input pathways and output pathways are signal transduction pathways linked through the 
central oscillator (Somers, 1999) (Fig. 1). 
Studies on the molecular biology of the circadian oscillators have been performed in 
many eukaryotes including algae, fungi, plants, invertebrates and mammals, and some 
distinct similarities have been observed in different groups (Dunlap, 1999; Dunlap et al., 
1999). For instance, Neurospora, a fungus, displays a negative feedback 
transcription/translation based oscillator. The same mechanism has been observed in 
Drosophila (an invertebrate) and in the mouse (a mammal) (Dunlap, 1999). 
According to Darlington et al. (1998), Drosophila's clock genes per (period) and tim 
(timeless) become activated and the PER and TIM proteins form dimers (Fig 2). As PER-
TIM concentration increases, they are transported into the nucleus. There the dimer binds 
to the CLK (clock) and CYC (cycle) transcription factors repressing the promoters of the 
genes the transcription factors activate. The result is in reduced transcriptional activity 
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Fig. 2. Negative feedback loop of the central circadian oscillator in Drosophila 
(Dunlap, 1999). Effector genes: Genes that are responsible to mediate an animal's 
behavior e.g. hatching. 
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from the per and tim genes, generating a negative feedback loop (i.e., the excess 
production of PER and TIM inhibits their own synthesis). When the levels of PER and 
TIM become low, they stop preventing CLK/CYC from binding to the promoter of the 
per and tim genes thus allowing transcription to occur. PER and TIM again form dimers 
and start another cycle (Fig. 2). The levels of PER/TIM and CLK7CYC oscillate in 
opposite phases in a circadian fashion (Darlington et al., 1998). 
In mammals, the central circadian oscillator is located in the suprachiasmatic nucleus 
(SCN) of the brain and thus the signal transduction mechanisms depend on intercellular 
communications that make the system complex (Dunlap, 1999). Studies on the circadian 
output in unicellular organisms can provide more fundamental information. 
Chlamydomonas reinhardtii is a unicellular model organism with many advantages for 
studying the molecular mechanisms of the circadian output pathway (Jacobshagen and 
Johnson, 1994). Output signal transduction pathways carry the timing signals from the 
circadian oscillators to the processes that show circadian rhythms. The signaling 
intermediates are still unknown (Millar, 1998). 
Chlamydomonas reinhardtii is a eukaryotic, unicellular green alga. It has a cell wall, a 
chloroplast and two flagella (Harris, 1989). Chlamydomonas offers a simple life cycle, 
easy isolation of mutants, and a growing variety of tools and techniques for molecular 
genetic studies (Harris, 2001). Major areas of investigation with Chlamydomonas 
reinhardtii include flagellar structure and function, photosynthesis, light perception, cell-
cell recognition and cell cycle control (Harris, 2001). Resources are available to the 
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research community including wild-type and mutant strains, plasmid constructs, and a 
comprehensive on-line database (Harris, 2001). Chlamydomonas reinhardtii provides 
many advantages in studying circadian phenomena it expresses several well-
characterized circadian rhythms of behavior, e.g., phototaxis, chemotaxis, stickness to 
glass, and timing of cell division (Johnson et al., 1992). Mutants with altered circadian 
periods have been isolated (Johnson et al., 1992), and the photoreceptors for light/dark 
entrainment have been characterized (Sineshchecov et al., 2002). Reporter genes also 
have been developed for Chlamydomonas reinhardtii and have been used to study the 
regulation of several promoters (Jacobshagen et al., 1996, Davies et al. 1992, Davies et 
al., 1994, Kindle et al., 1989, Fuhrmann et al., 1999). 
The expression of two genes that encode a chlorophyll a/b-binding protein of 
photosystem II, lhcb-1 or cabll-I (Jacobshagen et. al., 1996), and photosystem I, lhca-1 
or cabl-I (Hwang and Herrin, 1994), in Chlamydomonas reinhardtii were shown to be 
regulated by the circadian clock at the transcriptional level. Rhythmic expression was 
also demonstrated for a variety of other genes in this organism, among them the f3-tubidin 
and cytochrome c genes (Jacobshagen and Johnson 1994, Jacobshagen et al., 2001). 
However, the level at which these genes are regulated by the circadian clock is yet 
unknown. 
Tubulins are flagellar proteins and major components of axonemal microtubules of 
Chlamydomonas reinhardtii (Schloss et al., 1984). Microtubules of Chlamydomonas 
contain different tubulin molecules, a and P-tubulin (Harris, 1989). Two a and two f3-
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tubulin genes in the nuclear genome have been reported (Harris, 1989). The two P 
tubulin genes code for identical proteins. This research is concerned with the circadian 
regulation of the Pi-tubulin gene. 
The purpose of this research is to investigate the regulation of ptubulin gene expression 
by the circadian clock. Jacobshagen and Johnson (1994) and Jacobshagen et al., (2001) 
demonstrated a circadian rhythm in the amount of mRNA from the ptubulin genes in 
Chlamydomonas reinhardtii. There are several possible ways the rhythm can be 
generated. The synthesis of mRNA can be rhythmic, the degradation of the mRNA can be 
rhythmic, or both can be rhythmic. The particular question posed here is whether the 
abundance of ptubulin mRNA is rhythmic because the synthesis of ptubulin mRNA is 
regulated by the circadian clock in Chlamydomonas reinhardtii. In this study, an 
approach has been taken to transform Chlamydomonas reinhardtii with a ptubulin 
promoter: reporter gene construct. The abundance of the reporter mRNA in the 
transformants will demonstrate the pattern of transcriptional activity from the ptubulin 
promoter. The result of this analysis will determine whether this promoter is regulated by 
the circadian clock. 
Different methods of Chlamydomonas transformation have been described. Both 
chloroplast (Boynton et al., 1988) and nuclear (Debuchy et al., 1989) transformation have 
been reported with a 'biolistic' delivery system. High frequency nuclear transformation 
by vortexing cells in the presence of DNA and glass beads has been reported by Kindle 
(1990). Introduction of exogenous DNA by electroporation also has been a successful 
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approach (Shimogawara et al., 1998, Brown et al., 1991). Glass bead transformation is a 
relatively simple, inexpensive method that does not require access to specialized 
equipment and is widely used for Chlamydomonas nuclear transformation (Kindle 1990, 
Davies et al., 1992, Blankenship and Kindle 1992, Sodeinde and Kindle 1993, 
Jacobshagen et al., 1996, Stevens et al., 1996, Fuhrmann, et al., 1999, Auchincloss et al., 
1999, and Ermilova et al., 2000). It was therefore chosen as the method of transformation 
in this study. 
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CHAPTER II 
MATERIALS AND METHODS 
Chlamydomonas reinhardtii strains: Various types of Chlamydomonas reinhardtii 
strains were used in different transformation reactions. These strains were cell wall 
deficient mutants cwl5 and cwlO, and the wild type strain CC125. Chlamydomonas 
reinhardtii strains CC620 and CC621 were used for autolysin preparation. All of these 
strains were obtained from the Chlamydomonas Genetics Center at Duke University. 
Growth conditions: Chlamydomonas reinhardtii strain cwl5 and CC125 were grown in 
SGII medium (Sager and Granick, 1953), and cwlO was grown in TAP (Tris-Acetate-
phosphate) medium (Gorman and Levine, 1965). The cells were grown in one liter of 
culture medium in 2800 ml Fernbach flasks on an orbital shaker (Innova 2100 platform 
shaker, New Brunswick Scientific, Edison, NJ) at 200 rpm (with the exception that cwlO 
was grown at 108 rpm) at room temperature with constant light of 50 p,E/m2s from above. 
These one liter cultures were originally inoculated from liquid stock cultures at a 
concentration of 1 x 104 cells/ml. Strain cwlO also was grown under a 12 h light/12 h 
dark cycle. In this process, one liter cultures were inoculated from liquid stock cultures at 
a concentration of 1 x 104 cells/ml and were grown in 1 L bottles aerated with an 
aquarium pump in an incubator at 22°C and 180 |_iE/m2s light intensity (90 (iE/m2s from 
each side). CC620 and CC621, the two different mating types used for preparing 
autolysin, were grown in 1.0 high salt medium (HSM) (Sueoka, 1960), an acetate free 
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medium, under the same conditions as cwlO in the incubator. Gametogenesis of these 
two strains was induced in nitrogen-free 1.0 HSM medium (HSM-N), a medium that is 
identical to HSM except that NH4CI was omitted (Harris, 1989). This process was 
induced under constant light but otherwise identical to the previous conditions. 
Chlamydomonas cell density determination: A hematocytometer was used to count the 
cells according to Harris (1989). A sample of 1 ml was taken aseptically and, to stop the 
movements of the cells, a drop of iodine tincture (0.25g iodine in 100 ml 95% ethanol) 
was added followed by thorough shaking of the culture. From the sample, 20 jllI (10 jllI for 
each side of the cover slip) culture was pipetted and allowed to flow under the cover slip 
through capillary action. The cell number in squares on the hematocytometer 
corresponding to 0.1 |al or 0.02 jil volume were determined for low or high cell density 
samples respectively. 
Plasmid DNA: Plasmid pJD55 (Davies et al., 1992), kindly given by Dr. John Davies, 
contains a /3-tubulin promoter: :arylsulfatase reporter gene construct in which the 
tubulin promoter is ~1 kb, the arylsulfatase reporter gene is ~7 kb and the plasmid vector 
Bluescript SK+ is 3 kb long. Therefore, the entire plasmid is ~ 11 kb long. The plasmid 
pSP124S-l containing an antibiotic resistance marker gene was a gift from Dr. Saul 
Purton, University College London, UK, and was used for cotransformation. This 
plasmid is 4.2 kb in size. A 1.28 kb ble gene is inserted into a 2.96 kb Bluescript (SK+) 
plasmid vector. The ble is a chimeric gene composed of the coding sequence of the ble 
gene from Streptoalloteichus hindustanus fused to the 5' and 3' untranslated regions of 
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the Chlamydomonas reinhardtii RBCS2 nuclear gene. In addition, there are 2 copies of 
the first RBCS2 intron in the coding sequence (Lumbreras et. al., 1998). The plasmid 
pSP124S-2 is nearly idendical to pSP124S-l except that it contains a unique restriction 
site for Kpnl instead of Hindlll. This pSP124S-2 was used for the final successful 
cotransformation. 
Plasmid DNA isolation, purification and quantification: To obtain pure pSP124S-l 
and pSP124S-2 plasmid in large quantities, E. coli (XL1 blue) was transformed with 
these plasmids. The transformation was performed according to the calcium chloride 
competent E. coli transformation procedure described by Sambrook et al. (1989). All 
plasmids, i.e., pJD55, pSP124S-l and pSP124S-2, were isolated from E. coli by a DNA 
extraction kit (QIAGEN Plasmid Maxi Kits, Valencia, California) according to the 
manufacturer's instructions. 
Purity and concentration of the plasmids were determined by measuring the optical 
density at 260 and 280 nm with a spectrophotometer (Ultrospec 3000, Pharmacia 
Biotech, Cambridge, England). The quality and quantity of the plasmid DNA also was 
measured by electrophoresis on a 1% agarose gel in TAE buffer (40 mM Tris, 20 mM 
NaOAc, 2 mM Na2 EDTA, pH 8.3) containing 0.5 |ig/ml ethidium bromide. 
Computerized images of the gel were taken from a transilluminator (Fisher Scientific) 
and analyzed with Kodak (Rochester, NY) image analysis software. 
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The plasmids pJD55 and pSP124S-2, in an amount of 50 jo.g were linearized with 15 fj.1 
Kpnl (150 units) in a volume of 100 (al reaction mixture. The plasmid pSP124S-l, in an 
amount of 50 p,g, was linearized with 15 Hindlll (150 units) in a volume of 100 p.1 
reaction mixture. The mixture of DNA and restriction enzyme was incubated for 2 h at 
37°C in a water bath. In order to remove the proteins, linearized plasmids were purified 
by phenol/chloroform extraction (Sambrook et al., 1989) followed by ethanol 
precipitation and resuspension of the dried pellet in TE buffer (10 mM Tris.HCl, ImM 
EDTA, pH 8.0). 
Antibiotic concentration for selection optimization: Zeocin, an antibiotic of the 
phleomycin family, was used to select for zeocin-resistant Chlamydomonas reinhardtii. 
Different concentrations of zeocin-containing agar plates were prepared. SGII or TAP 
medium with agar (15 g/L) was cooled to 50°C in a water bath and various amounts of 
100 mg/ml zeocin stock solution (Invitrogen, Carlsbad, California) was added. 
Approximately 30 ml of zeocin-containing agar was poured into each petri dish and 
n 
allowed to solidify. Cells ( 6 x 1 0 ' ) were spread on each plate and incubated in the light. 
Colonies were visible after 7-10 days. 
Preparation of autolysin: Autolysin preparation was performed according to Harris 
(1989). Two mating type Chlamydomonas reinhardtii strains, CC620 and CC621, were 
inoculated in 1 liter bottles at a concentration of 1 x 104 cells/ml and incubated at 23°C 
under a 12 hrs light and 12 hrs dark cycle as described previously. When the cell density 
reached 2 x 106 cells/ml, corresponding to late log phase, the cultures were centrifuged at 
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2500 x g for 10 minutes at 15°C, washed once with 1.0 nitrogen free HSM media (HSM-
N) and resuspended in 1000 ml 1.0 HSM-N. The cells were allowed to incubate over 
night under constant light. Nitrogen starvation of the cells induces gametogenesis (Harris, 
1989). After 1 2 - 1 6 hrs, the number of cells was counted. Equal number of cells from 
both strains were centrifuged and again resuspended in 1.0 HSM-N in such a way that a 
final number of 2 x 109 cells were resuspended in 12.5 ml of the medium. The two strains 
were combined and allowed to mate for 60 min in the light without shaking. To facilitate 
mating, the cells secret autolysin to dissolve their cell walls. The cells were then 
centrifuged for 5 minutes at 3000 x g and the supernatant was collected. This supernatant 
was further centrifuged at 18000 x g for 10 minutes in a Sorvall SS34 rotor. The pellet 
was discarded and the supernatant containing autolysin was filtered through a 0.20 |im-
sterile filter. Autolysin was stored at -20°C. 
Autolysin activity test: One of the Chlamydomonas strains that contains a cell wall 
(CC620) was used to test for autolysin activity. Samples of 500 fil were taken from a 
stock culture and micro-centrifuged at 13000 rpm for 5 minutes. The supernatants were 
discarded, the pellets resuspended in 100 jllI autolysin solution or 100 p.1 HSM-N (without 
autolysin) and incubated for 75 minutes. One ml of ice-cold lysis solution (0.075% Triton 
X-100, 5mM EDTA, pH 8.0) was added to each sample. The microfuge tubes were 
vortexed 5 sec to mix thoroughly and centrifuged for 30 sec at highest speed. The 
supernatant from different tubes was collected and examined with a spectrophotometer at 
435 nm. The optical density determines the relative amount of chlorophyll released from 
the lysed cells. 
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Glass bead preparation: Glass beads were prepared according to Kindle (1990). Glass 
beads with a diameter of 0.45 - 0.52 mm (Thomas Scientific, Swedesboro, NJ) were 
washed with concentrated sulfuric acid, rinsed thoroughly with distilled water, dried and 
baked in the oven at 80°C for several hours. Aliquots of 0.3 g were sterilized by 
autoclaving. 
Cotransformation of Chlamydomonas reinhardtii: Transformation experiments were 
performed according to Kindle (1990). Chlamydomonas reinhardtii strain cwl5 and 
cwlO were grown in 1 liter of SGII medium in a 2800 ml Fernbach flask in a shaker 
under constant light. When the cell density reached 2 x 106 cells/ml, the cells were 
harvested by centrifugation at 5000 rpm for 5 minutes with a GSA rotor. Only cwl5 cells 
were then resuspended in autolysin solution at l/25th of the original culture volume, 
incubated for 45 minutes and centrifuged again under the same condition. CwlO cells 
were not treated with autolysin. The pellet either directly or after autolysin treatment was 
resuspended in SGII in such a way that the cell density was 2 x 108 cells/ml. Autolysin 
has been reported to increase the transformation efficiency even for the cell-walless 
n 
mutants (Kindle, 1990). Of the resuspended cells, 300 (al containing 6 x 1 0 cells, 300 mg 
glass beads, different amounts of linearized or supercoiled plasmid DNA, and 100 p.1 of 
20% polyethylene glycol (PEG) were added to a 15 ml sterile Corning tube and vortexed 
with a Genie-2 (Fisher) for 15 seconds at highest speed. PEG, because it is a toxic 
substance for the cell, was added last to the transformation reaction. Ten ml of SGII 
medium was added immediately after vortexing to reduce the toxic effect of PEG. This 
process should be completed within 30 minutes after treating with autolysin to prevent 
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cells from synthesizing the cell wall again. Glass beads in this process create a shearing 
force so that the plasmid DNA can pass the cell membrane. Cells were then incubated 
under constant light for 18 hours at 25°C. This treatment allows Chlamydomonas to 
express the BLE protein so that transformants containing the ble gene can survive in 
antibiotic-containing medium. The cultures were centrifuged in a clinical centrifuge at 
4000 rpm for 5 min. The supernant was discarded and the pellet was resuspended with 
200 (j.1 medium (SGII or TAP). The cells were spread on zeocin-containing agar plates 
and colonies were counted after 7 to 10 days. Both a positive control (cells without 
exogenous DNA and grown on agar plates without antibiotic) and a negative control 
(cells without exogenous DNA but grown on agar plates containing antibiotic) were 
included for comparison with the treatment plates (cells with exogenous DNA and grown 
on antibiotic media). 
Selection of the transformants: Two kinds of selection procedures were performed. 
First, antibiotic resistance selection was performed on zeocin-containing medium. This 
procedure only allows cells transformed with the ble marker (pSP124S-l or pSP124S-2) 
to survive and form colonies. Second, to select for cotransformants also containing the (3-
tubulin promoter: :arylsulfatase reporter gene construct (pJD55), colonies were sprayed 
with a solution of 10 mM X-sulfate (5-Bromo-4-chloro-3 inodolyl sulfate) solution in 0.1 
M Tris-HCl, pH 7.5 (Davies et al., 1992). Arylsulfatase is an enzyme excreted from the 
cells. It catalyses the cleavage of X-sulfate changing it from a colorless to a blue 
compound. Arylsulfatase-expressing colonies can therefore be recognized by their blue 
ring around the green colony. 
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CHAPTER III 
RESULTS 
Plasmid isolation: The plasmids pSP124S-l, pSP124-2 and pJD55 were isolated in large 
amounts and characterized in a spectrophotometer. The ratio of the two optical densities 
at 260 and 280 ran was approximately 1.8 for pSP124S-l and pJD55 and 1.9 for 
pSP124S-2 for different samples, thereby suggesting that the preparation had very little 
or no protein contamination. 
The plasmids were subjected to agarose gel electrophoresis to determine their purity and 
concentration. The plasmids were found free of genomic DNA and RNA (Fig. 3). 
pSP124S-l and pSP124S-2 were linearized by restriction digestion with Hindlll and 
Kpnl, respectively. After completion of the restriction digestion, the enzymes were 
removed by purifying the DNA mixture and the DNA was run on 1% agarose gels (Fig. 
4). A single band of about 4.2 kb was identified for pSP124S-l and pSP124S-2 on the gel 
as expected suggesting that the linearized and isolated plasmids were pure. These DNAs 
were used to transform Chlamydomonas reinhardtii. pJD55, a ~11 kb plasmid that 
contains the J3-tubulin promoter: :arylsulfatase reporter gene construct, also was linearized 
with Kpnl, purified by phenol/chloroform extraction and run on a 1% agarose gel to 
ensure its purity and the completion of the digest. 
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Fig. 3. Analysis of purified pSP124S-l and pJD55. pSP124S-l and pJD55 were 
linearized with Hindlll and Kpnl, respectively, prior to electrophoresis on a 1% agarose 
gel. Lane 1 contains 1 |iil of pJD55 (~11 kb in size), lane 2 contains 1 (al of pSP124S-l 
(4.2 kb in size) and lane 3 contains 0.5 (ag 1 kb DNA size marker (New England Biolab). 
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Fig. 4. Analysis of purified and linearized pSP124S-2 for transformation. Plasmid 
pSP124S-2 was linearized with Kpnl, purified, and subjected to electrophoresis on a 1% 
agarose gel. Lane 1 and 2 contain pSP124S-2 (4.2 kb in size) plasmid DNA of 1 pi and 
0.5 pi, respectively. Lane 3 contains 0.5 pg 1 kb size standard marker (New England 
Biolab) 
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Optimum antibiotic concentration: To determine the optimal concentration of zeocin, 6 
x 107 Chlamydomonas cells were plated on media containing different concentrations of 
zeocin (Fig. 5). No colonies were found at a concentration of 30 jag/ml zeocin for strain 
cwl5, and this concentration was chosen for the ble transformant selection. CC125, a 
wild type strain of Chlamydomonas, also was tested for comparison purposes. For this 
strain, a concentration of 15 (ig/ml zeocin completely prevented colony growth, thus 
demonstrating the differences in resistance between individual strains. 
Autolysin activity: The optical density at 435 nm of a cell supernatant was used to 
determine the cell wall-digesting activity of the autolysin preparation. It indicates the 
extent of cell lysis based on the release of chlorophyll. According to Fig. 6, the autolysin 
treated cells show a significantly higher optical density than the cells treated without 
autolysin demonstrating the potency of the autolysin preparation. 
Cotransformation of strain cwl5: The cotransformation was performed according to 
Kindle (1990). A Chlamydomonas lawn formed in the positive control plates indicating 
that Chlamydomonas cells survived the vortexing of the cells in the presence of glass 
beads (Table 1). Various numbers of Chlamydomonas colonies were formed in the 
treatment plates in the first two transformation experiments, but there also were colonies 
in the negative control plates indicating that the treatment plates may not have contained 
true transformants (Table 1). When the colonies in the treatment plates were tested for 
expression of the second plasmid (pJD55), no indication of expression was found. The 
suggestion is that the treatment plates did not contain true transformants. 
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(a) cw15 
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Fig. 5. Effect of various antibiotic concentrations on the survival of Chlamydomonas 
strains. An equal number of cells were grown on plates containing different 
concentrations of zeocin and the number of colonies formed were counted, a) represents 
the results obtained with strain cwl5 and b) with strain CC125. 
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Autolysin activity test 
0.6 t 
1 2 3 4 
Autolysin preparation 
• without autolysin 
• autolysin 
Fig. 6. Autolysin activity test for 4 different autolysin preparations. Chlamydomonas 
cells containing cell walls were incubated with and without autolysin. Cells were agitated 
for 5 seconds with detergent, centrifuged at the highest speed in a microcentrifuge, and 
the optical density (OD) of the supernatant was examined at 435 nm. The OD level 
correlates with the amount of chlorophyll pigment released into the supernatant. 
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Table 1. Results of Chlamydomonas reinhardtii transformation. Strain cwl5 was 
cotransformed with both the plasmids pSP124S-l and pJD55. Strain cwl5 was either 
treated with autolysin before transformation (cwl5A) or without autolysin (cwl5). 
Positive control plates contained no antibiotic and cells did not receive plasmid DNA. As 
a negative control, cells did not receive plasmid DNA but were grown on antibiotic (30 
|~ig/ml zeocin) containing plates. Treatment cells were transformed with plasmid DNA 
and grown on antibiotic containing plates. The results of three independent experiments 
are shown. 
Treatment 
type 
Chlamydomonas colony count 
Transformation 1 Transformation 2 Transformation 3 
cwl5 cwl5A cwl5 cwl5A cwl5 cwl5A 
Positive 
control 
>1000 >1000 >1000 >1000 >1000 >1000 
Negative 
control 
24 2 27 106 0 0 
0.1 yig DNA 1 0 - 163 0 0 
1 (j.g DNA 7 0 156 278 0 0 
2 ng DNA 4 11 200 207 0 0 
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Before the third transformation experiment, a fresh antibiotic shipment was received and 
a new antibiotic resistance curve was prepared (data not shown). The same antibiotic 
concentration as before was found to be sufficient and was used for transformation. In 
this third transformation experiment, positive control plates showed a Chlamydomonas 
lawn, but no colony was observed in the negative control plates indicating that negative 
control plates showed apposite performance (Table 1). The result might be either due to 
the fresh antibiotic or to overcoming any technical errors. However, no colonies observed 
in the treatment plates indicating that the transformation procedure had not been 
successful. 
Changes in the transformation parameters: Because no transformants were obtained 
with the basic procedure, a new approach was taken. Changing only one parameter of the 
basic procedure at a time (basic: autolysin concentration IX, plasmid DNA 1 jj,g each and 
vortex time 15 sec) transformations were performed with different dilutions of the 
autolysin, various vortex times and three different amounts of DNA. As shown in Table 
2, no colonies could be recovered with any treatment regimen suggesting that these 
parameters were not responsible for the failure to produce transformants. 
Changes in growth conditions and transformation components: Failing to obtain 
transformants, more components and conditions were changed. A new batch of pSP124S 
(pSP124S-2) plasmid was obtained from Dr. Saul Purton. A new cell wall-deficient 
mutant, cwlO, was obtained from the Chlamydomonas Genetics Center and these cells 
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Table 2. Results of Chlamydomonas reinhardtii (strain cwl5) transformation after 
changing different parameters of the transformation procedure. Basic transformation 
(IX autolysin treated cells, 1 pg DNA and 15 sec vortexing) as well as variations in 
various parameters were applied to different transformation reactions. Positive control 
plates contained no antibiotic and the cells did not receive plasmid DNA. Negative 
control cells did not receive plasmid DNA for transformation and were grown on a 
antibiotic (30 pg/ml zeocin) containing medium. Treatment cells were transformed with 
plasmid DNA and were grown on antibiotic containing plates. 
Treatment type Chlamydomonas colony count 
Positive control >1000 
Negative control 0 
Basic treatment 0 
5 sec vortexing 0 
10 sec vortexing 0 
25 sec vortexing 0 
30 sec vortexing 0 
40 sec vortexing 0 
2 pg DNA 0 
5 pg DNA 0 
10 pg DNA 0 
1:2 diluted autolysin 0 
1:5 diluted autolysin 0 
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were grown in TAP medium under 12 h light/12 h dark cycles. Successful transformation 
with pSP124S-2 and pJD55 was achieved (Table 3 and Table 4). 
Antibiotic resistant colonies were observed in 21 out of 31 treatment plates containing 10 
)j.g/ml zeocin (Table 3). In each plate with successful transformation, there were an 
average of 300 colonies. No colony was observed in negative control plates. In each 
successful case, the transformation rate was 3 x 102 colonies per microgram of plasmid 
DNA or 1 transformant per 5 x 106 cells. 
Selection of cotransformants: pSP124S-2 transformants on 20 plates from both the 
10(j,g/ml and 25 p.g/ml zeocin selections were sprayed with X-sulfate to test for 
cotransformation with pJD55. Blue colonies were observed on only 6 out of 18 plates 
from 10 p.g/ml and 2 out of 2 plates from 25 |ag/ml antibiotic selections (Table 4). The 
cotransformation rate among these plates varied from 1.3 to 3.3%. A positive control 
(ARS2-containing Chlamydomonas that secrets arylsulfatase protein) also showed blue 
color formation confirming the validity of the X-sulfate selection. Transformants that 
received only the pSP124S-2 plasmid were used as negative controls. 
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Table 3. Results of Chlamydomonas reinhardtii (cwlO) transformation performed 
with pSP124S-2, a new version of plasmid containing the antibiotic resistance gene. 
Positive control plates contained no antibiotic and cells did not receive plasmid DNA. 
Negative control cells did not receive plasmid DNA but were grown on antibiotic (10 
pg/ml and 25 pg/ml zeocin) containing medium. Treatment cells were transformed with 
plasmid DNA, either linearized or supercoiled, and grown on antibiotic containing TAP 
medium. Transformations were either performed with both plasmids (pSP124S-2 and 
pJD55, indicated by 'DNA') or with pSP124S-2 alone (indicated by 'We'). 
Treatment type Chlamydomonas colony count 
10 pg/ml Zeocin 25 pg/ml Zeocin 
Positive control >1000 >1000 
Negative control 0 (2 plates) 0 (1 plate) 
Linearized DNA -300 (1 plate) -300 (1 plate) 
Linearized DNA -300 (1 plate) -
Supercoiled DNA -300 (1 plate) -300 (1 plate) 
Supercoiled DNA -300 (1 plate) 
Supercoiled DNA -300 (1 plate) -
Supercoiled DNA -300 (1 plate) -
Linearized DNA -300 (8 plates) 
Supercoiled DNA -300 (4 plates) -
Linearized DNA 0 (3 plates) -
Supercoiled DNA 0 (3 plates) -
6/e-linearized -300 (1 plate) -300 (1 plate) 
Z>/e-Supercoiled -300 (1 plate) -
6/e-Supercoiled -300 (1 plate) 
ble- Supercoiled 0 (2 plates) -
6/e-linearized 0 (2 plates) 
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Table 4. Results of cotransformation of Chlamydomonas reinhardtii and 
cotransformation efficiency. Successful primary transformants obtained from different 
antibiotic selection plates were sprayed with X-sulfate to test for expression of the second 
plasmid, pJD55. Primary transformants did not receive the second plasmid pJD55 were 
used as a negative control. 
Zeocin Treatment Total Number of Cotransformation 
Concentration survived cotransformants Efficiency (%) 
Treatment # o f colonies 
type plates 
10 p.g/ml Linearized 
DNA 
1 -300 4 1.3 
a Linearized 1 -300 6 2.0 
DNA 
(. Supercoiled 1 -300 9 3.0 
DNA 
66 Supercoiled 1 -300 5 1.6 
DNA 
66 Supercoiled 1 -300 6 2.0 
DNA 
66 Supercoiled 1 -300 8 2.6 
DNA 
66 Linearized 8 -300 0 0 
DNA 
6 6 Supercoiled 4 -300 0 0 
DNA 
66 Negative 2 -300 0 0 
Control 
25 jig/ml Linearized 
DNA 
1 -300 10 3.3 
66 Supercoiled 1 -300 6 2.0 
DNA 
66 Negative 1 -300 0 0 
control 
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CHAPTER IV 
DISCUSSION 
The purpose of this study was to allow for investigations on the regulation of {3-tubulin 
gene expression by the circadian clock. Jacobshagen and Johnson (1994) observed a 
circadian rhythm in the amount of mRNA from the /i-tubulin genes in Chlamydomonas 
reinhardtii. The amount of mRNA is determined by the rate of its synthesis and its 
degradation. The particular question asked in the present study was whether the 
abundance of /J-tubulin mRNA is rhythmic because the synthesis of fJ-tubulm mRNA is 
regulated by the circadian clock in Chlamydomonas reinhardtii. The approach taken was 
to transform Chlamydomonas reinhardtii with a fi-tubulin promoter: :reporter gene 
construct. The abundance of the reporter mRNA in these transformants will exhibit the 
pattern of transcriptional activity from the ^-tubulin promoter and, therefore, will 
demonstrate whether it is regulated by the circadian clock. 
The 'glass bead' transformation method (Kindle, 1990) was used for which a maximum 
of 5 x 10~6/cells transformation efficiency was reported while using 1 pg of plasmid 
DNA. The advantage of this method over the particle bombardment method (Kindle et 
al., 1989) is that it is possible to generate a large number of transformants (Kindle, 1990). 
Other advantages include simplicity, inexpensiveness and no requirement for specialized 
equipment (Kindle, 1990). The method is highly reproducible and rarely gives multiple 
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integrations (Sodeinde and Kindle, 1993). The glass bead method has been successfully 
and widely used with Chlamydomonas reinhardtii (Kindle, 1990, Blankenship and 
Kindle, 1992, Davies et al., 1992, Sodeinde and Kindle, 1993, Jacobshagen et al., 1996, 
Stevens et al., 1996, Fuhrmann et al., 1999, Auchincloss et al., 1999, and Ermilova et al., 
2000). Electroporation, another successful method of transformation of Chlamydomonas, 
also has been reported (Brown et al., 1991, Shimogawara et al., 1998). The 
electroporation method of Chlamydomonas transformation was not utilized in this 
research for several reasons. Specialized equipment is required for the electroporation 
method (Tang et al., 1995), and a number of different parameters such as electric 
conditions, temperature, and osmolarity are critical to achieve a high frequency of 
transformants (Shimogawara et al. 1998). 
When Chlamydomonas cells are agitated with exogenous DNA, the DNA is believed to 
enter the cells through holes in the membrane resulting from the shearing action of the 
glass beads (Kindle, 1990). A cell wall-deficient mutant or a cell-walled strain treated 
with cell wall-degrading enzyme autolysin is used in the transformation procedure. 
Chlamydomonas strain cwl5, although a cell wall deficient mutant, has a rudimentary 
cell wall and thus it was shown that treatment with autolysin leads to increased 
transformation efficiencies (Kindle, 1990). Transformation efficiencies also are increased 
when the plasmid is linearized before transformation most likely because a circular 
plasmid must break before integration into the genome is possible and this break might 
occur in the reporter construct rendering it defective. 
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The ble marker (Stevens et al., 1996) contains a chimeric gene composed of the coding 
sequence of the ble gene from Streptoalloteichus hindustanus fused to the 5' and 3' 
untranslated regulatory regions of the Chlamydomonas reinhardtii RBCS2 gene and 2 
copies of RBCS2 intron-1 in the coding region. BLE is a 13.6 kd protein which confers 
resistance to the antibiotic zeocin which is a trade name for zeomycin. Zeocin is a 
copper-chelated glycopeptide and the copper chelated form is inactive. When the 
antibiotic enters the cell, the copper cation is reduced, expelled from the compound and 
the zeocin is thus activated. Active zeocin binds to and cleaves DNA causing cell death. 
The BLE protein binds to zeocin and inhibits its DNA strand cleavage activity. 
In the first two transformation experiments, a number of colonies were found in the 
negative control plates without the ble marker (Table 1). These colonies might have 
appeared because of an inappropriate dosage of the antibiotic or because the antibiotic 
deteriorated prematurely. Zeocin is an antibiotic that is very sensitive to high ionic 
strength, light and temperature (Invitrogen, Carlsbad, CA). An optimization of the 
concentration of the antibiotic with a fresh batch of zeocin led to no colony growth in the 
negative control plates (Table 1, third experiment). Strains cwl5 and CC125 were tested 
for zeocin resistance. CC125, the wild type strain, showed less resistance to the antibiotic 
than the cell walless-mutant cwl5. In the third transformation experiment, however, there 
were also no colonies in the treatment plates (Table 1) suggesting that transformation had 
not occurred. 
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It is possible that no transformants were obtained because the autolysin preparation was 
too strong, as strain cwl5 has no proper cell wall. Therefore, different autolysin dilutions 
were used to treat the cells before transformation. Transformation with different amounts 
of DNA also was performed, since it has been reported that transformation with different 
amounts of exogenous DNA yields various amounts of transformants (Kindle, 1990). 
Vortex time also was manipulated as different vortex times lead to different results in the 
cotransformation process (Kindle, 1990). Despite all the manipulations, no transformants 
were obtained in the treatment plates (Table 2) indicating that the antibiotic resistance 
gene may not have been active. 
Upon obtaining a new version of the antibiotic resistance gene containing plasmid, 
pSP124S-2, a new transformation was performed with Chlamydomonas strain cwlO, a 
different cell wall deficient mutant. The strain was chosen, because transformation 
protocol was followed that had been optimized and successfully used in Saul Purton's lab 
(http://www.ucl.ac.uk/biology/prg/blel.htm). 
Two different concentrations of zeocin, 10 pg/ml and 25 pg/ml antibiotic, were used for 
the selection of the transformants. Both treatments resulted in antibiotic resistant 
colonies, at least in some plates. Ten out of 31 plates with 10 pg/ml zeocin did not 
contain any transformants (Table 3). Only a small difference in the number of 
transformants (11 plates for the linearized and 10 for the supercoiled DNA) were 
obtained with supercoiled as with linearized plasmid DNA (Table 3) suggesting that there 
was almost no effect of linearization of the DNA. This finding is not in agreement with 
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the finding of Kindle (1990), who reported that linearized DNA gave rise to 
approximately double the number of transformants compared to supercoiled DNA. 
Transformation with and without PEG (data not shown) also showed no difference 
suggesting that PEG does not have much of an effect on this particular strain, cwlO. In 
contrast, Kindle (1990) reported an increase in the number of transformants when 5% 
PEG was used for strain cwl5. According to Kindle (1990), it is possible to obtain 1000 
transformants while using 1 p,g of exogenous DNA, whereas up to about 300 
transformants were obtained with 1 ja.g of DNA in the present study (Table 3). 
When testing the zeocin resistant colonies for cotransformation with the j3-tubulin 
promoter: :arylsulfatase reporter gene construct, six out of 18 plates showed blue colonies 
with a zeocin concentration of 10 |J.g/ml and 2 out of 2 treatment plates showed blue 
colonies with a concentration of 25 |_ig/ml zeocin in the medium. The blue color forms 
when the arylsulfatase reporter is expressed. The cotransformation rate, in successful 
cases, varied from 1.3 to 3.3%. Kindle (1990) reported a cotransformation rate that varied 
from 25-50% when Chlamydomonas cells were cotransformed with the nitl gene 
(pMN24) and with DNA for the radial spoke protein 3 (pRSP3-EB). 
The genomic DNA can be isolated from the cotransformants produced and can be 
hybridized with probes for the ble and arylsulfatase genes. This southern blot analysis 
could be a confirmation for successful cotransformation. Northern blot analysis with 
arylsulfatase cDNA as a probe could then be performed to test for the arylsulfatase 
reporter mRNA expression. 
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Several parameters were changed in the final successful transformation. A 12 h light/12 h 
dark cycle was applied to the culture instead of continuous light, a different version of the 
antibiotic resistance plasmid was used, and strain cwlO was used instead of cwl5. It is 
not clear which change in parameters was responsible for the success of the 
transformation. Most likely it was the use of a different plasmid. Plasmids may undergo 
mutations when grown in E. coli that render the reporter gene defective. In addition, 
successful transformations with cwl5 grown in constant light have been reported (Kindle 
1990, Blankenship and Kindle, 1992, Davies et. al., 1992). Further experiments are 
needed to fully resolve this question. 
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